Abstract-Vertical GaN power diodes with a bilayer edge termination (ET) are demonstrated. The GaN p-n junction is formed on a low threading dislocation defect density (10 4 − 10 5 cm −2 ) GaN substrate, and has a 15-µm-thick n-type drift layer with a free carrier concentration of 5 × 10 15 cm −3 . The ET structure is formed by N implantation into the p + -GaN epilayer just outside the p-type contact to create compensating defects. The implant defect profile may be approximated by a bilayer structure consisting of a fully compensated layer near the surface, followed by a 90% compensated (p) layer near the n-type drift region. These devices exhibit avalanche breakdown as high as 2.6 kV at room temperature. Simulations show that the ET created by implantation is an effective way to laterally distribute the electric field over a large area. This increases the voltage at which impact ionization occurs and leads to the observed higher breakdown voltages.
successful, progress has been lacking in GaN p-n junction power diodes because of their sensitivity to high defect densities [5] .
The emergence of native GaN substrates with low defect densities [6] , [7] has resulted in the demonstration of GaN power diodes with breakdown voltages approaching 4 kV [8] . Achieving high breakdown voltages requires low-doped drift layers and edge termination (ET) structures that mitigate the localization of electric fields. Diminishing the electric field prevents the early onset of impact ionization and avalanche breakdown. Effective ET schemes are well known for mature semiconductor systems, such as Si and SiC, but must be modified for GaN.
The foremost challenge in GaN is the great difficulty of forming strongly p-type regions by ion implantation [9] or diffusion, requiring the formation of ET structures using alternative methods. To date, compensated regions formed from ion implantation [6] , beveled oxide field plates [10] , and other proprietary structures [8] , [11] [12] [13] have been used to create ET structures in GaN power diodes.
In this paper, vertical GaN power diodes (p-n junctions) formed on GaN substrates featuring a bilayer ET are demonstrated. The ET is formed by creating compensating defects through nitrogen implantation in the p + -GaN layer. The implant profile was modeled by assuming a fully compensated layer near the surface, followed by a partially compensated layer near the n-type drift region. The partially compensated layer (referred to as the p-GaN layer) is formed by reducing the Mg doping to 10% of the p + -GaN layer Mg concentration. Simulations show that this bilayer ET increases the breakdown voltage by spreading the electric field from the end of the p-type contact region to the end of the ET region. The thickness of the p-GaN layer has a profound effect on the spreading of the electric field and breakdown voltage. Power diodes fabricated using this approach exhibited avalanche breakdown as high as 2.6 kV under reverse bias.
II. EPITAXIAL GROWTH AND DEVICE FABRICATION
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in a Veeco D125 reactor. The growth is performed on 2-in-diameter GaN substrates, grown by hydride vapor phase epitaxy, which are commercially available from Sumitomo Electric Industries [14] . The substrate has an electron concentration of 2 × 10 18 cm −3 . The epilayers consist of, first, a 15-μm-thick n-type GaN layer doped with Si that has an electron concentration of 5 × 10 15 cm −3 . The electron concentration is determined by capacitance-voltage profiling. Next, a 400-nm-thick p + -GaN layer, doped with a Mg concentration of 2 × 10 19 cm −3 is grown. Finally, the structure is topped with a 12.5-nm heavily doped p ++ -GaN layer to facilitate ohmic contacts. The nominal layer thicknesses are determined at the center of the wafer, but the thickness of the layers can vary up to ∼20% over the region where devices were studied. Variations in layer thickness are due to a nonuniform distribution of the group-III alkyl source material. Metal contacts were deposited in an electron beam evaporator under a vacuum of 5×10 −7 torr. Samples are nominally at room temperature during deposition with some minor temperature rise due to radiation emitted from the e-beam irradiated metal source. The sample temperature stays below 100°C during evaporation of the contact metal. A rapid thermal anneal at 600°C in flowing nitrogen is used to anneal the p-type contact. The n-contact is not annealed. These processes are not expected to have any impact on the properties of the p + -GaN layer. The low R ON indicates that the anode and cathode contacts are ohmic in nature. Continued testing and refinement of the p-type contact is expected to lower the R ON value further and is currently being explored.
A schematic cross section and a scanning electron microscopy image of a completed device are shown in Fig. 1 . A 150-μm-diameter Pd/Au ohmic contact is formed on the top of the p + -GaN layer for all devices. It is capped with a 154-μm-diameter, 1-μm-thick Au layer to facilitate wire bonding. The ET structure is formed starting 5 μm outside the edge of the p-contact using three nitrogen implants. The details of the implant and the resulting ET structure are discussed below. Individual devices are isolated by creating a 150-nm-deep and 5-μm-wide ring etched into the p + -GaN layer 50 μm from the p-contact. This etch also determines the lateral extent of the ET. The device is covered by a 500-nm-thick silicon nitride layer for surface passivation. The n-contact is formed on the bottom of the GaN substrate and consists of a Ti/Al/Ti/Ni/Au metal stack.
Prior to surface passivation, three nitrogen implants are performed to create the ET region, with the energies of 30, 100, and 180 keV at doses of 5 × 10 12 , 10 13 , and 1.8 × 10 13 cm −2 , respectively. A simulation of defects versus depth calculated using The Stopping and Range of Ions in Matter [15] is shown in Fig. 2 . The superposition of the three implants results in an approximately constant number of defects (∼4 × 10 20 cm −2 ) to a depth of 200 nm, and then a tail in the number of defects at greater depths. The implant profile is expected to fully compensate the p-type dopants to nearly 400 nm below the surface of the p + -GaN layer. We experimentally verified that nitrogen implantation can reduce or eliminate the conductivity of p + -type GaN depending the implant conditions. No post implantation anneal was performed on GaN p-i-n devices to attempt to reduce implant damage. Cross-sectional schematics of the ET region, corresponding to the dashed rectangle in Fig. 1 , for (a) ≤400-nm-thick p + -GaN layer and (b) >400-nm-thick p + -GaN layer. The thicker p + -GaN layer results in a bilayer ET.
The exact nature of the defects is under investigation. A number of defects could account for the compensation created by the implant ionization, especially donorlike deep level defects created by N vacancy and N interstitial defects [16] , [17] .
While the implant profile is uniform over the surface of the wafer, the variations in the epitaxial layer thickness affect the Mg doping concentration profile within the ET. When the p + -GaN epitaxial layer thickness is ≤400 nm, the ET structure consists of a single insulating layer, as shown in Fig. 3(a) ; the p + -GaN epitaxial layer is completely compensated by deep donor traps. It is assumed that these deep donor traps do not affect the drift layer, even though some of the nitrogen implants are expected to reach that layer. However, if the p + -GaN epitaxial layer is >400-nm thick, the tail of the implant does not completely compensate free holes in the bottom part of the p + layer [ Fig. 3(b) ]. Therefore, a bilayer ET structure is formed that consists of a surface fully compensated layer coupled with a partially compensated p-GaN layer underneath with a thickness of t p . The lateral extent of this bilayer ends at the shallow isolation trench that is etched before implant [ Fig. 1(a) ].
The variation in the p + -GaN epitaxial layer thickness allows for a comparison of different ET structures on a single wafer. It will be shown that the bilayer structure is more effective at distributing the electric field, and consequently enables a higher breakdown voltage than a single, fully compensated ET layer.
III. DEVICE MEASUREMENTS AND RESULTS
The vertical GaN power diodes are probed and measured on wafer under dc bias. Reverse-bias measurements are performed in Fluorinert to avoid dielectric breakdown in air or at the surface of the device. At large reverse biases, these power devices exhibit avalanche breakdown, similar to the results reported in [18] . The breakdown of the various devices greatly varies over the wafer. Breakdown voltages between 400-2600 V were measured and all exhibit avalanche breakdown. As will be shown in simulations below, the diverse ET schemes resulting from layer thickness variations lead to different electric field profiles, and hence different breakdown voltages observed across the wafer.
The reverse-bias I -V characteristics of representative low and high breakdown voltage devices are shown in Fig. 4 . The leakage current before breakdown is low (<100 nA) for both diodes.
At higher reverse currents after avalanche breakdown, the power diodes emit visible light [ Fig. 4(a) (inset) ]. This is due to a large number of electron-hole pairs created by impact ionization that subsequently undergo radiative recombination. The increase in electroluminescence at large reverse bias is further evidence of impact ionization processes in these devices.
The forward bias I -V characteristics of a device with a breakdown voltage of 2.4 kV are shown in Fig. 5 . The specific ON resistance (R ON,sp ) of 1 m -cm 2 is comparable with stateof-the-art devices reported in [11] , as shown in Fig. 6 . 
IV. SIMULATION METHODOLOGY AND ASSUMPTIONS
To gain a deeper understanding behind the physics of the ET and to explain the wide range of measured avalanche voltages, 2-D reverse-bias simulations are performed using Silvaco ATLAS TCAD software. ATLAS uses the Newton iteration method to solve a 2-D system of coupled equations, including Poisson's equation, electron and hole continuity equations, and carrier generation and recombination equations. The details of the equations are given in [19] . Relevant physical parameters used in simulations are given in Table I . The values shown for carrier mobility correspond to commonly reported values and are typical for our epitaxially grown samples.
Avalanche breakdown is due to runaway impact ionization, which can dramatically increase the current in the device and lead to catastrophic failure if not controlled. Impact ionization is the physical process by which free carriers in a region with a high electric field gain enough energy to collide with lattice atoms and create additional electron-hole pairs. Impact ionization can be modeled using impact ionization rates (α n and α p ), which are calculated in ATLAS using the Selberherr model
where E is the electric field in the device and i is equal to n (for electrons) or p (for holes). A i and B i are the parameters that can be determined from experiments or theory. The Selberherr model creates a localized generation coefficient for the number of electron-hole pairs created due to the local electric field. A more realistic calculation of impact ionization, which would predict the probability of collisions occurring for high-energy carriers, can be performed using Monte Carlo simulations; however, this is beyond the scope of this paper.
The parameters given in Table I are chosen to provide a critical electric field of 3.75 MV/cm, which is larger than that given in early reports for GaN, but is consistent with other experimental measurements on vertical GaN p-i-n diodes on high quality GaN substrates [6] , [12] , [20] [21] [22] . It should be noted that while a given set of parameters A n , B n , A p , and B p lead to a particular value for the critical electric field, they do not provide a unique solution. Therefore, for simplicity and due to the lack of published values of α n and α p suitable for an assumed critical field of 3.75 MV/cm, these parameters are assumed to be equal for electrons and holes. Using the carrier concentrations and layer thicknesses given in Section II, a breakdown voltage of ∼4.6 kV is calculated for a planar, 1-D device.
The breakdown condition is defined as the point at which the reverse-bias current reaches ∼10 A/cm −2 . It should be noted that for wide-bandgap materials, such as GaN, the simulated dark current is sufficiently low such that the sudden increase in current due to avalanche breakdown can create difficulties with numerical convergence in the simulation. This can be alleviated by including a small photogenerated current or by increasing the temperature in the simulation.
In the simulations, the p + -GaN epitaxial layer thickness is varied from 400 to 500 nm to mimic the thickness variation in the experimental data. The bilayer ET structure consists of: 1) a 400-nm compensated region on top that represents the material that is fully compensated by the implant and 2) a variable thickness p-GaN − layer that represents the material partially compensated by the tail of the implant. The p-GaN − layer has a uniform Mg concentration set to 10% of the initial p + -GaN Mg concentration and varies in thickness from t p = 0 to 100 nm. The ET was simulated using a horizontal extent of 20 μm. This was set to be less than the 50-μm experimental length to decrease the number of nodes in the simulations, and it is acceptable because there is a weak relation between the breakdown voltage and the ET horizontal length as long as the horizontal extent of the ET layer is 5 μm or higher.
V. SIMULATION RESULTS
The breakdown voltage as a function of the p-GaN layer thickness t p is shown in Fig. 7 . With only a fully compensated region, i.e., t p = 0, the breakdown voltage is ∼630 V. As the p-GaN layer becomes thicker due to a thicker p + -GaN epilayer, the breakdown voltage increases and peaks at t p = 26 nm. Beyond this thickness, the breakdown voltage subsequently decreases and gradually approaches 750 V, which is slightly higher than the t p = 0 case.
It is important to note that in order to be effective, the implant profile must be at least as thick as the p + -GaN epilayer. In the case where the implant is not deep enough (not shown here), the underlying, unaltered p + -GaN epilayer will distribute the electric field peak to the physical edge of the device, leading to a breakdown voltage similar to or worse than the t p = 0 scenario. Due to this expectation, all devices were implanted with N to create the ET region.
In order to explain the improvement in the breakdown voltage, it is illustrative to look at the electric field distribution within the device. Fig. 8 shows the numerically simulated electric field distribution for t p = 0, 26, and 100 nm. At t p = 0, (i.e., no p-GaN layer), as shown in Fig. 8(a) , the electric field sharply peaks at the bottom of the intersection of p + -GaN under the anode and the single insulating ET layer, leading to a substantially reduced breakdown voltage of ∼630 V.
With increased t p , the electric field is more distributed with a peak at both ends of the ET, as shown in Fig. 8(b) (shown with t p = 26 nm). As the breakdown voltage is proportional to the integrated volume of the electric field, and due to the broad spread of the electric field in this case, a very high breakdown voltage can be achieved. In fact, for the t p = 26-nm case, a breakdown voltage of ∼4.7 kV is reached corresponding to the planar 1-D vertical breakdown limit mentioned earlier, indicating that this design is optimal for the device outlined in Section II.
At t p = 100 nm, as shown in Fig. 8(c) , the field again develops a single peak that is now near the outer edge of the bilayer ET region near the isolation ring, resulting in a lower breakdown voltage, as shown in Fig. 7 . The resulting breakdown in this case will be slightly higher than the t p = 0 case due to the lower p-GaN doping and slightly broader spread in the electric field, as shown by comparing the insets of Fig. 8(a) and (c) .
In this paper, the simulations assumed a uniform hole concentration within the partially compensated portion of the bilayer. Further improvements to this model are possible by including the nonuniform variation of the hole concentration created by the implant defect profile. This implant profile can then be adjusted to provide the ideal hole concentration profile within the ET. These refinements are currently under investigation.
VI. CONCLUSION
Vertical GaN power diodes with a bilayer ET are demonstrated experimentally. Simulations confirm that a bilayer ET consistent with a compensated layer on top and a partially compensated p-GaN layer underneath leads to higher breakdown voltages. The p-GaN layer within the ET helps to laterally distribute the electric field and to increase the voltage where impact ionization occurs. The thickness of this portion of the bilayer, and hence the thickness of the original p + -GaN epilayer relative to the implant depth, is critical to achieving high blocking voltage capability in GaN p-n power diodes. The bilayer structure is used to create vertical GaN power diodes with avalanche breakdown voltages up to 2.6 kV.
The simulation work in this paper has focused on the ET used to increase the breakdown voltage. Future work will investigate other possible mechanisms that would affect the breakdown voltage, such as the drift layer doping and uniformity.
